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Abstract A^-Hydroxy-L-arginine is an intermediate metabolite 
in the synthesis of nitric oxide that is upregulated and secreted 
during acute inflammation in vivo. Previous reports have shown 
that chemically induced Superoxide anion oxidizes A^-hydroxy-
L-arginine to nitric oxide. Here, we demonstrate that this 
reaction takes place physiologically in phagocytic cells during 
the respiratory burst, and is independent of the presence of nitric 
oxide synthase. 
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1. Introduction 
Nitric oxide (NO) is a multifunctional compound impli-
cated in a variety of physiological functions including the 
cytotoxic effector phase of macrophages [1]. NO is produced 
in cells and tissues by several different types of nitric oxide 
synthases (NOS). All of these enzymes share the same two 
step mechanism in NO synthesis: (i) the oxidation of arginine 
to A^-hydroxy-L-arginine (OH-Arg), and (ii) the oxidation of 
OH-Arg to NO and citrulline [2]. While the participation of 
NOS is essential in the first step, the second step may be 
carried out by other oxidases including P450 [3]. Recently, 
Sennequier et al. have shown that Superoxide anion (OJ) 
can induce the formation of nitrogen oxides by oxidation of 
A^-hydroxyguanidines [4]. Furthermore, Everett et al. have 
shown that radiation induced 0^ ~ mediates denitrification of 
OH-Arg leading to NO and cyclized carbodiimide [5]. A bio-
logical role of this alternative pathway of NO synthesis is 
suggested by the fact that the intermediate product of enzy-
matic nitric oxide synthesis, OH-Arg, is elevated in sera of 
animals treated with LPS [6] and is secreted together with 
NO in vivo and in vitro, as an adduct [7]. Here we demon-
strate in cell culture that the Superoxide anion produced by 
phagocytic cells during the respiratory burst is sufficient to 
induce NO from OH-Arg, and that this reaction is independ-
ent of the presence of NOS. 
2. Materials and methods 
A^-Hydroxy-L-arginine was obtained from Calbiochem (Bad So-
den, Germany), lucigenin and Superoxide dismutase (SOD), xanthine 
oxidase (Boehriger Mannheim, Germany) xanthine, PMA and zymo-
san (Sigma). 
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2.1. Cells 
Murine bone marrow-derived macrophages (ΒΜΜΦ). Bone mar-
row cells were obtained by flushing the femurs from CBF1 or iNOS 
knock out C57/B16X 129Sv mice [8] and were cultured as previously 
described [9] for 11 days in hydrophobic Teflon bags (Biofolie 25, 
Heraeus, Hanau, Germany) in Dulbecco's modified Eagle's medium 
(DMEM) containing 10% inactivated foetal calf serum, 5% horse 
serum, 1 mM sodium pyruvate, 2 mM glutamine, 60 μΜ ß-mercap-
toethanol, penicillin (100 U/ml) and streptomycin (100 μg/ml) (Gibco, 
Paisley, UK) and the supernatant of L929 fibroblasts at a final con-
centration of 15% (v/v) as a source of colony stimulating factors 
which drive cell proliferation towards a greater than 95% pure popu-
lation of ΒΜΜΦ. Human granulocytes and monocytes were obtained 
from fresh human peripheral blood as described [10]. Leukocyte sus-
pensions were prepared after sedimentation of erythrocytes in 1.3% 
Dextran (Pharmacia) at room temperature. The leukocyte-rich super-
natant was centrifuged at 400 X g for 40 min and the pellet was gently 
resuspended in 20 ml phosphate-buffered saline, loaded onto a layer 
of 20 ml Ficoll-Paque (Pharmacia), and centrifuged at 400 X g for 40 
min at room temperature to separate mononuclear cells from granu-
locytes. Contaminating erythrocytes in the granulocyte-rich pellet 
were eliminated by hypotonic shock and the remaining cells washed 
twice with phosphate-buffered saline. The final preparation contained 
more than 98% granulocytes, as assessed by Giemsa-Wright stain. The 
mononuclear cells from the PBS/Ficoll interface were washed three 
times with PBS, resuspended in DMEM+10% FCS and cultured 
in plastic Petri dishes for 2 h at 37°C. Non-adherent lymphocytes 
were carefully resuspended and discarded. The monocyte-rich ad-
herent cells were scraped, washed once and resuspended in HEPES-
DMEM. 
2.2. Synthesis and determination of Superoxide anion 
Superoxide anion (OJ) was produced by the xanthine/xanthine oxi-
dase reaction. For this purpose xanthine was dissolved in HEPES 
buffered DMEM (without bicarbonate, indicator and arginine), pH 
7.5 at a final concentration of 10 mM. The reaction was triggered by 
addition of 10 mU/ml xanthine oxidase (10 μΐ). Ο "^ was measured as 
lucigenin-dependent chemiluminescence using a Microlumat LB96P 
(Berthold, Wildbad, Germany) [11]. 0.1 ml of the xanthine solution 
were placed into the microtiter plate and lucigenin (125 μΜ) and 
xanthine oxidase were added immediately before the measurement. 
The final volume was 0.2 ml. The O^ production by phagocytes 
(2X105 cells in 0.2 ml HEPES-DMEM and lucigenin) was initiated 
by addition of 250 μg/ml zymosan or 10 ng/ml PMA. Phagocytes (106/ 
ml) were cultured in HEPES DMEM supplemented with 0.1 mM OH-
Arg for 2 h as indicated in the figures. O^ was decomposed by addi-
tion of 100 U/ml of SOD. All enzymatic and cellular experiments were 
performed at 37°C. Results of the experiments are the mean val-
ues ± S.D. of quadruplicate experiments. 
2.3. Determination of NO 
Cell supernatants or xanthine/xanthine oxidase solutions were as-
sayed for the stable end product of NO synthesis, NO^" using the 
Griess reagent. Briefly, cell-free supernatants (0.1 ml) were mixed 
with 100 μΐ of 1% sulphanilamide, 0.1% naphthylenediamine dihy-
drochloride and 2.5% H3PO4. Absorbance was measured at 540 nm 
in a ELISA reader. Results of all experiments are expressed as mean 
values ± S.D. of quadruplicate cultures. 
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3. Results 
3.1. Induction of nitrites by enzymatically induced O^ 
In a first set of experiments, we determined the induction of 
0^ ~ by the xanthine/xanthine oxidase system in the presence or 
absence of OH-Arg. Although optimal 0^ ~ synthesis takes 
place at pH levels above 8.0, a considerable amount of radi-
cals is also induced at physiological pH, as shown in Fig. 1A. 
Furthermore, OH-Arg partially inhibits lucigenin-dependent 
chemiluminescence induced by 0^~, presumably due to the 
consumption of 0% radicals for oxidation of OH-Arg. In 
contrast, induction of 0^ ~ was totally inhibited by SOD. 
None of the other reagent combinations gave rise to the in-
duction of O^ (Fig. 1A). In a parallel experiment without 
lucigenin, the time course of the formation of nitrites was 
analyzed. The results in Fig. IB demonstrate that NO syn-
thesis is induced only in the presence of OH-Arg and when the 
production of the 0^ ~ was ensured by the xanthine/xanthine 
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Fig. 2. Dependence of NO production mediated by the respiratory 
burst upon the OH-Arg concentration. ΒΜΜΦ were cultured for 2 h 
in the presence of the indicated amounts of OH-Arg and zymosan 
as described before. 
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Fig. 1. Induction of NO by the O^ " mediated oxidation of OH-Arg. 
(A) Superoxide anion induced luminescence was measured as de-
scribed in Section 2. Xanthine (D), xanthine+xanthine oxidase (■), 
xanthine+xanthine oxidase+100 U/ml SOD ( Δ ) , xanthine+1 mM 
OH-Arg (·), xanthine+xanthine oxidase+1 mM OH-Arg ( A ) , 
xanthine+xanthine oxidase+1 mM OH-Arg+100 U/ml SOD (♦) . 
The data represent the integration of the induced cpm at the indi-
cated times. (B) Parallel experiments without lucigenin in a volume 
of 1 ml were performed and at the indicated times the nitrite con-
centration was determined in aliquots of 0.1 ml. Symbols as in (A). 
oxidase system. Dismutation of 0% by SOD completely abro-
gated the production of NO. Furthermore, the time course of 
the lucigenin-dependent chemiluminescence as an indicator of 
0^ ~ synthesis correlates with the amount of nitrite produced in 
the assay. 
3.2. Induction of NO by phagocytic cells during the respiratory 
burst 
Upon challenge with a number of different soluble or par-
ticulate agonists, i.e. PMA or zymosan, phagocytes generate a 
common defence reaction termed the respiratory burst. Dur-
ing this response, a host of reactive oxygenated products is 
transiently released in large amounts, and consumption of 
oxygen and glucose is upregulated in these cells [12]. The first 
step in the reaction cascade of the respiratory burst is the 
activation of the membrane bound NADPH-oxidase that re-
duces molecular oxygen to 0^~. In order to ascertain that the 
amounts of O^ produced by phagocytes were sufficient to 
oxidize the OH-Arg used in the experiments, increasing 
amounts of OH-Arg were added to murine bone marrow-de-
rived macrophages (ΒΜΜΦ) treated with zymosan. The re-
sults in Fig. 2 show a linear relationship extending to levels 10 
times higher as that employed in all the other experiments 
(100 μΜ), suggesting that the amounts of O^ produced dur-
ing the respiratory burst were not a limiting factor. In addi-
tion, as shown in Fig. 3A, we compared the respiratory bursts 
induced by zymosan in ΒΜΜΦ from iNOS-deficient mice and 
heterozygous littermates. The levels of 0^ ~ induced in the 
iNOS—/—ΒΜΜΦ were consistently higher than that in litter-
mates. Addition of SOD eliminated the luminescence. Nitrite 
synthesis in the presence of OH-Arg was measured in a par-
allel experiment. The zymosan-dependent respiratory burst 
clearly induces the denitrification of OH-Arg. SOD suppresses 
the detectable nitrites almost to background levels. The slight 
increment of nitrites found in the cultures with OH-Arg is 
most likely due to the constitutive 0^ ~ synthesis by resting 
ΒΜΜΦ. Most importantly, the differences in NO synthesis 
between both ΒΜΜΦ populations are insignificant (Fig. 3B). 
Next we examined purified human blood monocytes and 
granulocytes in the same experimental protocol as used above 
for the ΒΜΜΦ. The results are depicted in Fig. 4. In both 
types of cells, stimulation of the respiratory burst with PMA 
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Fig. 3. Induction of the respiratory burst and NO by the O^ 
mediated oxidation of OH-Arg in ΒΜΜΦ. (A) Zymosan induced 
chemiluminescence was measured in ΒΜΜΦ from normal (open 
bars) and iNOS knock out mice (closed bars). Values represent the 
integral cpm of 2 h. (B) ΒΜΜΦ (106/ml) were cultured for 2 h in 
the presence of the indicated substances as described before. 
(Fig. 4A) or zymosan (Fig. 4B) led to OH-Arg-dependent 
production of NO, with the same sensitivity to inhibition by 
SOD. The magnitude of the OJT response to PMA was greater 
than to zymosan (data not shown). 
3.3. Influence of arginine on the induction of NO by the 
respiratory burst 
O^ is synthesized in the plasma membrane of the phago-
cytic cells [12]. In order to examine if OH-Arg is oxidized 
within the cell or in the pericellular environment/endocytic 
vacuoles, we measured the synthesis of NO upon the zymo-
san-induced respiratory burst in the presence of different 
amounts or arginine. The uptake of arginine and OH-Arg 
depends on the same y+ cationic amino acid transport system 
[13,14]. Extracellular arginine should therefore compete with 
uptake of OH-Arg into the cell, and decrease intracellular NO 
synthesis. As shown in Fig. 5, addition of increasing amounts 
of arginine has no influence on the oxidation of OH-Arg. 
Thus, oxidation appears to take place independently of up-
take into the cell, i.e. presumably in the pericellular environ-
ment, the endocytic vacuoles or in the zymosan-induced pha-
gosome. 
4. Discussion 
During the biosynthesis of NO, arginine is first oxidized to 
OH-Arg. A proportion of this product is further metabolized 
to NO and citrulline whereas a considerable amount of OH-
Arg is secreted together with NO as an adduct [7]. OH-Arg is 
a strong inhibitor of arginase [15,16] an enzyme constitutively 
present in macrophages [17]. Several biological effects have 
been ascribed to OH-Arg including modulation of blood pres-
sure and tumor cell cytostasis [3,14]. Although the oxidation 
of arginine to OH-Arg is exclusively performed by NOS, the 
second oxidative step, the conversion of OH-Arg into NO and 
citrulline, can also be performed by other oxidases/oxidative 
products [3,18]. Recently, it has been shown that O^ can 
mediate cleavage of N-hydroxyguanidines resulting in the for-
mation of NO [4]. Moreover, radiolytically induced O "^ can 
cleave OH-Arg [5]; the products of this reaction are NO and a 
cyclized carbodiimide, without the concomitant formation of 
citrulline. 
In confirmation of previous studies, we employed the 
xanthine/xanthine oxidase system for the production of O^ 
and to demonstrate its capability to cleave OH-Arg for the 
synthesis of NO (Fig. 1). The conversion of OjT to H 2 0 2 by 
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Fig. 4. Synthesis of NO by the 02 mediated oxidation of OH-Arg in human blood phagocytes. Cells were cultured for 2 h in the presence of 
(A) PMA or (B) zymosan to trigger the respiratory burst as described in Section 2. 
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Fig. 5. Synthesis of NO by the respiratory burst in ΒΜΜΦ in the 
presence of different arginine concentrations. ΒΜΜΦ were cultured 
for 2 h in arginine free HEPES-DMEM supplemented with 0.1 mM 
OH-Arg and the indicated amounts of arginine. 
SOD completely arrests the lucigenin-dependent chemilumi-
nescence and the synthesis of N O indicating that OJT is the 
reactive agent. This result is in partial contrast to two pub-
lished studies in which SOD increased the N O S mediated 
synthesis of N O [19,20]. However, in one of these reports, 
very large amounts of SOD (10000 U/ml) were used, opening 
the possibility of contamination with other enzymatic activ-
ities. Both studies did not exclude the contamination of SOD 
with endotoxin that may upregulate the inflammatory cells in 
their synthetic activity. In our own experiments, endotoxin 
free SOD showed no influence on the N O synthesis in 
Β Μ Μ Φ triggered by B. burgdorferi [21] but the impure prep-
aration of SOD upregulated N O synthesis (unpublished data). 
The 0^~ produced during the induction of a respiratory 
burst in several different types of cells (Figs. 2 and 3) was 
capable to produce N O by the cleavage of OH-Arg. The re-
action is not iNOS dependent as murine Β Μ Μ Φ of iNOS-
deficient mice are able to produce N O at levels similar to cells 
from wild type mice (Fig. 2). Although we determine relatively 
low levels of N O in our cellular assays (below 10 μΜ), these 
are reached more rapidly than in the reaction mediated by 
iNOS. The 0|7 mediated oxidation of OH-Arg possibly in-
duces higher concentrations of the free reactive N O radical. 
The amount of N O produced is not limited by the generated 
O^ because, as shown in Fig. 4, concentrations of 0.1-1 m M 
OH-Arg, i.e. far higher than the physiological levels, kept the 
reaction linear. At concentrations below 0.1 m M OH-Arg, the 
production of N O was lower than expected probably because 
the huge excess of OJT can transform part of the N O in per-
oxinitrite, a product undetectable by the Griess reagent. Be-
cause of the short lifetime of these molecular species, the dis-
tribution of nitrogen oxides is difficult to measure. 
Preliminary attempts to estimate the peroxinitrites as luminol 
dependent luminescence [22] gave only a transient short signal 
in the first 30 s of the measurement (data not shown). More 
likely, the presence of OH-Arg stabilizes N O as an OH-Arg-
N O adduct [7] blocking its accessibility to 0% to form per-
oxinitrites. The linearity observed at higher concentrations of 
OH-Arg supports this hypothesis. 
The addition of low amounts of SOD completely abrogates 
the capability of the phagocytes to produce N O . As SOD is 
unable to diffuse through the plasma membrane of the O^ 
producing cells, these data suggest that oxidation of OH-Arg 
takes place in the pericellular space, the endocytic vacuoles or 
in the phagosomes. This assumption is further supported by 
our observation that increasing amounts of arginine do not 
significantly inhibit N O production from OH-Arg (Fig. 5). 
In conclusion, we have shown that cells without expression 
of N O S can produce N O through a respiratory burst if O H -
Arg is supplied by neighbouring cells or by the microcircula-
tion. The co-localization of N O and O^ synthesis in the same 
compartment is consistent with a possible physiological role 
of this alternative pathway of N O synthesis in the inflamma-
tory and cytotoxic effector functions of the phagocytes. 
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